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ARTICLE INFO ABSTRACT

Keywords: Mesenchymal stem cells (MCSs) secretome provide MSC-like therapeutic effects in preclinical models of lung
Hyaluronic acid injury, circumventing safety concerns with the use of live cells. Secretome consists of Extracellular Vesicles (EVs),
ISecretox.ne including populations of nano- to micro-sized particles (exosomes and microvesicles) delimited by a phospho-
nteraction

lipidic bilayer. However, its poor stability and bioavailability severely limit its application. The role of Hyal-
uronic acid (HA) as potential carrier in biomedical applications has been widely demonstrated. Here, we
investigated the interplay between HA and MSCs- secretome blends and their ability to exert a bioactive effect on
pulmonary differentiation in a 3D microenvironment mimicking lung niche. To this aim, the physical-chemical
properties of HA/Secre blends have been characterized at low, medium and high HA Molecular Weights (MWs),
by means of SEM/TEM, DLS, confocal microscopy and FTIR. Collectively physical-chemical properties highlight
the interplay between the HA and the EVs. In 3D matrices, HA/Secre blends showed to promote differentiation in
pulmonary lineage, improved as the MW of the HA in the blends decreased. Finally, HA/Secre blends’ ability to
cross an artificial mucus has been demonstrated. Overall, this work provides new insights for the development of

future devices for the therapy of respiratory diseases that are still unmet.

1. Introduction

Lung diseases are major causes of morbidity and mortality affecting
millions of people around the world, with a prevalence still increasing
[1-3]. Existing approaches for lung diseases focus only on reducing
symptom severity and improving quality of life, but there is still an ur-
gent unmet need for new treatments, as no current therapy has been
shown to stop disease progression, restore lung damage, reverse alveolar
loss, or allow complete recovery of pulmonary and systemic function
[4]. In this frame, regenerative medicine can act as a new paradigm for
the development and application of innovative treatments for lung dis-
eases, that can provide both therapeutic and regenerative effects.
Because of their known regenerative potential, plenty of preclinical
studies have provided consistent proof of MSC based therapy effective-
ness in treating many lung disorders [5] even if their bench side appli-
cation is still limited to their potential tumorigenesis and handling
problems.

Due to MSCs mode-of-action being mainly attributed to paracrine
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mechanisms, MSC derivatives, known as MSC-secretome, have also been
used as alternative approaches for lung regenerative medicine. The
secretome, released by MSCs in response to environmental changes and
stress signals from injured tissues, consists of a myriad of bioactive
soluble factors directly secreted or packaged in self-produced cargos like
extracellular vesicles (EVs). EVs comprise populations of exosomes and
microvesicles (MVs) that are nano- to micro-sized particles delimited by
a phospholipidic bilayer, able to regulate intercellular communication
and transport bioactive molecules [6,7]. These are able to regulate
lineage differentiation of MSCs into different cell lines to enhance
angiogenic, anti-inflammatory, anti-fibrotic and immune modulation
functions [8]. Current data suggest that the MSCs-secretome can effec-
tively mimic the therapeutic effects of MSCs in preclinical models of
lung injury, circumventing many of the safety concerns associated with
the use of live cells. Indeed, unlike cells, Secretomes are not able to
proliferate or reprogram after administration, decreasing the risk of
tumorigenicity. Additionally, the secretome can be safely stored for a
long time without risking functional loss [9]. However, the direct
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injection of MSC-secretomes has been shown to create secretome
instability in vivo, as the secretome might be destroyed by enzymes or
leak into adjacent tissues [10]. Thus, the possibility of combining it with
biomaterials makes MSC-Secretome-based therapy a more translational
strategy, potentially improvable to achieve future clinical applications.
It has been proven that Secretome embedded in scaffold based on
dextran sulfate-ECM hybrid material can augment pro-angiogenic fac-
tors [11]. Moreover, alginate microcapsules loaded with processed
conditioned media reduce the infiltration and/or expression of CD68+
macrophages [12].

In this scenario, the use of Hyaluronic acid (HA) as a delivery system
for EVs could improve the low half-life of EVs, acting as a shield and
avoiding their rapid clearance, and increase stability and retention
following in vivo administration. Furthermore, considering the future
challenges that remain for EV clinical translation, specifically in the
application of lung regeneration, HA solutions can be easily optimized in
terms of viscosities [13] to accomplish the typical pulmonary adminis-
trations such as intratreacheal and inhalation routes. HA, a constituent
of the lung extracellular matrix (ECM), is a polysaccharide containing
repeating disaccharide units of (-1,4-d-glucuronic acid (GlcUA) and
f-1,3-N-acetyl-d-glucosamine (GlcNAc) bound with p-glycosidic link-
ages [14]. It is a non-sulfate, non-immunogenic, biodegradable and
biocompatible anionic glycosaminoglycan ubiquitously distributed all
over the body, in connective tissue, synovial fluid, organs, and in ECM as
well as in the lung parenchyma. Our previous studies demonstrated that
HA enhanced the expression of the pulmonary surfactant proteins,
improving the differentiation of MSCs in alveolar Type II (ATII) cells
[15,16]. Furthermore, we preliminary demonstrated a synergistic effect
of HA and secretome mixture in supporting cellular viability and
inducing pulmonary regeneration on 2D MSC cell culture systems [17].
However, the absence of an environment in 2D culture system may
provide misleading results regarding the cellular response, which often
do not coincide with 3D environments in which the cells physiologically
exist [18]. Indeed, in vivo stem cells are hosted in a local tissue micro-
environment or niche, which comprises cells and ECM, and their cross-
talk influences cell behaviors [19].

In this frame, the aim of this study was to investigate the interplay
between HA and MSCs- secretome blends and their ability to promote
stem cell differentiation in mature Type II Pneumocytes embedded in a
3D microenvironment mimicking pulmonary niche systems, constituted
by lung ECM components. To this aim, we evaluated the chemical and
physical properties of HA and MSCs-secretome blends as a function of
HA Molecular Weight (MW). Since the MW of HA has an influence on
both its biological functions and its physicochemical properties, low,
medium and high MW HA were investigated as representative of
different behaviors. Indeed, HA, depending on its MW, can form
entangled molecular networks through steric interactions and self-
association between and within individual chains. Moreover, the HA
chains, depending on their length, are capable of binding the cellular
membrane by means of hyaladherins such as CD44, hyalectans, TSG-6,
RHAMM, HABP1 and HABP2, which are involved in different roles
such as cell adhesion, structural support of the ECM and cell signaling.
For these reasons, in solution, a physical-chemical interaction between
the polysaccharide chains of the HA, depending on its MWs, and the EVs
can be supposed.

In this context, a preliminary study on the behaviour of different HA
MWs in solution has been performed by rheological tests, since polymers
in solutions have different concentration regimes depending on their
MW and this can influence the interaction. The physical-chemical
interaction of the HA/Secre blends has been evaluated qualitatively by
scanning and transmission electron microscopy (SEM and TEM) and by
confocal microscopy. A physical-chemical characterization was per-
formed by Dynamic Light Scattering (DLS) and Fourier-Transformed
Infrared (FT-IR) analysis. Then the biological characterization,
including the differentiation of MSCs into alveolar type II (ATII) cells
capable of pulmonary surfactant protein production and their viability
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over long time was evaluated. Moreover, fluorescence recovery after
photobleaching (FRAP) analysis has been used to assess the interaction
of HA chains at different MWs and MVs. Finally, the penetration of the
HA/Secre blends into healthy and diseased artificial mucus in an in vitro
model has been studied. To the best of our knowledge, no study on the
interaction of the HA/Secre blend has been reported. The data obtained
in this study pave the way for the use of the HA/Secre complex for lung
regeneration.

2. Material and methods
2.1. Materials

Hyaluronic acid (HA) with a weight-average molecular weight (MW)
of Low (L) 200, Medium (M) 500 and High (H) 1435 kDa were kindly
provided by Altergon Italia s.r.l.. Phosphate buffer saline (PBS) tablets
without calcium and magnesium were obtained from MP Biomedicals
Inc.. Human Umbilical Cord MSCs (hUCMSCs) were extracted from the
Wharton jelly of the umbilical cord kindly gifted by Ospedale Evangelico
Betania (Naples, Italy). Lysosecretome, derived from human adipose
MSCs, was purchased by Pharma Exceed S.r.l.. SAGM (Lonza C-41 24)
and Fetal Bovine Serum (FBS) were purchased from Lonza (Basel,
Switzerland). Eagle’s Minimum Essential Medium (EMEM), Hyclone,
(USA). Penicillin, streptomycin (10,000 U/ml) from Invitrogen and Life
Technologies (Carlsbad, CA) were employed. Trypsin and Ethyl-
enediaminetetraacetic acid (EDTA) were from HiMedia (Mumbai,
India). Formalin, bovine serum albumin (BSA) and 4',6-diamidino-2-
phenylindole (DAPI) were purchased from Sigma-Aldrich (USA). SPC
rabbit antibody from Abcam. Fitch-conjugated anti-rabbit antibody
(Millipore, Billerica, MA, USA). Human pulmonary surfactant associated
protein (SP) SPA, SPB, SPC and D ELISA kits were obtained from
Elabscience.

2.2. HA solutions rheological characterization

In order to preliminarily study the behaviour of different MW HA
chains in solution, rheological tests were performed by means of a MARS
rheometer™ III (TermoFisher Scientific, Waltham, MA, USA). The ge-
ometry used was Cone C60/1°CS L. Flow curves were conducted at 25 °C
on LMWHA, MMWHA and HMWHA solutions at different concentration
ranges (0.125-40 mg/ml, 0.125-30 mg/ml and 0.125-11 mg/ml,
respectively) in distilled water. The range of shear stresses varied from
0.01 to 1100 s~ ! depending on polymer MW and concentration to obtain
a curve representative of their behaviour. Each flow curve was repeated
in triplicate and error-correlated data were fitted on OriginPro 2018
software. Ellis-fluid model was implemented to study the dependency of
viscosity on the shear rate calculated with Eq. (1):
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where 7, stands for the zero-shear viscosity, 1 is a characteristic time
constant representing the relaxation time of the polymer solution, and n
is a flux index. Then the fitted values for zero-shear viscosity (accom-
panied by the fit uncertainties) were used to calculate the specific vis-
cosities (Eq. (2)):
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where 7 is the solvent viscosity (water). Then, the specific viscosities
have been plotted on a log-log graph as a function of concentration for
all MWs and three weighted linear fits for each of these plots were
performed. In order to understand the critical concentrations for poly-
mer coils overlapping, these have been reported as a function of MW to
obtain a phase-diagram useful for highlighting HA solution regimes at
different MWs (Fig. S1A).
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2.3. HA/ secretome blends preparation

By rheological results, we selected HA concentration among the
dilute regime (0.05 %, 0.025 % and 0.02 % LMW, MMW and HMW,
respectively) and the semidilute unentangled regime (0.5 %, 0.25 %,
and 0.1 %, for LMW, MMW and HMW, respectively). Secretome has
been used in all experimental sets at a concentration of 0.2 mg/ml
(2*10* human adipose MSCs equivalent) blended in the HA (LMW,
MMW and HMW) solutions. As regards the cell viability test, HA was
dissolved in DMEM and stirred for 3 h in order to guarantee the ho-
mogeneity of the solution. To carry out the differentiation experiments,
a suitable amount of HA was dissolved in an appropriate volume of
SAGM and then kept under stirring for 3 h. The solutions obtained from
the previous procedure were sterilized by filtration using 0.22-pm
filters.

2.4. SEM and TEM microscopy

Morphological evaluation of HA/secretome blends has been inves-
tigated by scanning electron microscopy (SEM, Quanta 200 FEG, FEI
Company, Hillsboro, OR, USA) and transmission electron microscopy
(TEM, FEI Tecnai G12 Spirit Twin, Eindhoven, The Netherlands). For
SEM analysis, Secre and Secre/HA blends were prepared at the above-
mentioned concentrations. Then, samples were freeze-dried and Au/Pd
-sputtered to perform the analysis at a beam voltage varying from 20 to
5 kV. For TEM, LaB6 emission sources (120 kV, spot size 1) using 400
mesh carbon-coated copper grids were used at room temperature (RT).
The carbon-coated copper grid was immersed in Nile red-treated (see
paragraph 2.5) Secre or HA/Secre blends and, after the drying step, the
grid was placed on a rod holder for TEM characterization, acquiring a
minimum of four micrographs per grid.

2.5. Dimensional distribution and zeta potential

Intensity-average hydrodynamic radius and & potentials of the sam-
ples have been determined by means of DLS measurements with a
Zetasizer Nano (Malvern Instruments, Malvern, UK). For size and zeta
size measurements, Secre (0.2 mg/ml) was suspended in ultrapure water
or HA solutions in dilute condition (0.1 % LMWHA, 0.05 % MMWHA
and HMWHA).

2.6. Fourier-transformed infrared (FT-IR) analysis

HA/ Secre blends at different HA MW, LMWHA, MMWHA, HMWHA
and Secretome were obtained and characterized using Perkin Elmer
Frontier Fourier Transform Infrared Spectroscopy FT-IR (Waltham, MA,
USA), with a single-reflection, universal ATR-IR accessory. All spectra

were recorded between 4000 and 650 cm ™! with a resolution of 4 cm ™.

2.7. Nile red/Alcian blue staining and confocal microscopy analysis

In order to qualitatively observe the interaction between HA/
Secretome bioactive materials, confocal microscopy was performed.
First, secretome EVs were stained with Nile-red, which is used to detect
intracellular lipid droplets [20]. Briefly, Nile-red solubilized in acetone
(1 mg/ml) was diluted 1000x in distilled water and incubated in
distilled water with lyophilized secretome (1 mg/ml) at 37 °C for 60
min. Then, HA chains were stained with Alcian Blue, glacial acetic acid
(30 % v/v) and ethanol (70 % v/v) at pH ~2 were added to Alcian Blue
(1 % w/v). This solution was added (1:100) to HA solutions at different
MWs and stirred for 30-40 min at RT. Then Nile red-stained secretome
solutions, to a final 100x concentration, were suspended in the Alcian
Blu HA solutions, and stirred for 30 min at RT. Then, the samples were
observed by confocal microscope system (Leica TCS SP8) with a 63x oil
immersion objective. Excitation lasers were set to work at 515 nm for
Nile red and 480 nm for Alcian Blue; while emission detection ranges
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were set in the interval 620-720 nm for Nile red and 464-486 nm for
Alcian Blue. Images were acquired with a resolution of 1024 x 1024
pixels by z-stacking, and the thickness of each z-slice was set equal to
0.1 pm.

2.8. Biological properties

2.8.1. Cell culture

The hUCMSCs, at early passages (1-6), were grown in a T-75 cell
culture flask (VWR, Radnor, PA, USA) in complete DMEM, supple-
mented with 10 % FBS and antibiotics (penicillin G sodium 100 U/ml,
streptomycin 100 U/ml), in a humidified and controlled atmosphere at
37 °C and 5 % COs, changing medium every 3-4 days. The cells were
detached, after confluent growth was reached, with a 0.25 % trypsin -
EDTA solution and washed twice with PBS. The resulting cell suspen-
sions were centrifuged (5 min, 1000 rpm; BRK55/10 Centrifuge by
Centurion Scientific Ltd., UK), the supernatant separated, and the cells
re-suspended in fresh culture medium. Viable cells were counted using
the TC20 automated Cell Counter (Biorad, USA).

2.8.2. Gel mimicking 3D microenvironments systems preparation

In order to investigate the influence of the HA/Secre blends on
pulmonary differentiation in 3D biomimetic microenvironments, the
hUCMSCs have been cultured in a 3D gel based on COLL and HA, which
are the main constituents of the ECM pulmonary niche [21]. The COLL
gels, used as control, were prepared by diluting COLL stock solutions at
an initial concentration of 2.4 mg/ml with 10x PBS (8:1 volume ratio).
To obtain COLL fibrillogenesis, the pH was adjusted to 7.4 + 0.2 by
dropwise addition of NaOH and/or HCl. The 3D microenvironments
based on HA/COLL hydrogels were obtained by promoting COLL
fibrillogenesis in the presence of the different HA MWs. HA powder was
previously sterilized by means of exposition to UV irradiation and then
mixed with the COLL solution. To allow the gelification, the procedure
described above was used. The HA/COLL gels were prepared using
LMW, MMW and HMW HA, 0.5 %, 0.25 %, and 0.1 % w/v, respectively,
corresponding to a HA:COLL weight ratio of 2.7:1, 1.4:1 and 0.5:1,
respectively. The samples were named LMWHA/COLL, MMWHA/COLL
and HMWHA/COLL [16]. Then, to obtain the 3D mimicking environ-
ment systems with embedded hUCMSCs, the cells were dispersed in
COLL and HA/COLL solutions respectively, transferred in appropriate
cell culture dishes, depending on the type of experiment, and incubated
at 37 °C for 1 h to allow COLL fibrillation. After, fresh cell culture me-
dium was added to the top of the gels.

2.8.3. Immunofluorescence anti-SPC

In order to assess the differentiation of the hUCMSCs in ATII cells, the
qualitative expression of Surfactant Protein C (SPC) has been evaluated
by immunofluorescence against the SPC antibody. hUCMSCs were
cultured for 21 days and seeded on fluorodish —35 mm (World Precision
Instruments, Inc.), fixed in 10 % Formalin for 3 h, permeabilized with
0.1 % Triton X-100, blocked with 1 % BSA and incubated with SPC
rabbit antibody (Abcam) diluted in 1 % BSA at 4 °C overnight. After
washing with PBS three times, Fitch-conjugated anti-rabbit antibody
(Millipore, Billerica, MA, USA.) was added to the cells for 3 h at room
temperature. The qualitative expression of Cluster of Differentiation 73
(CD73) has been evaluated by immunofluorescence against the CD73
antibody. hUCMSCs were cultured for 21 days and seeded on fluorodish
—35 mm (World Precision Instruments, Inc.), fixed in 10 % Formalin for
1 h, permeabilized with 0.2 % Tween 20 for 1 h, blocked with 1 % BSA
and incubated with CD73 mouse antibody diluted in 1 % PBS/BSA at
1:100 dilutions for 2 h at 4 °C. Lastly, for all samples, cell nuclei were
stained with blue DAPI (10 min at 37 °C), and observed by confocal
microscope system (Leica TCS SP5 MP) with a 63x oil immersion
objective. Images were acquired with a resolution of 1024 x 1024
pixels.
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Fig. 1. Rheological characterization of HA solutions. Flow curves of LMWHA (A), MMWHA (C) and HMWHA (E) at different concentrations; experimental triplicates
were fitted using the Ellis model (dashed lines). Zero shear viscosities obtained from the fit at different concentrations were used to plot specific viscosities as a
function of HA concentration to obtain the critical overlap concentration C* for the onset of semidilute unentangled solution and the critical entanglement con-

centration C* for LMWHA (B), MMWHA (D) and HMWHA (F).

2.8.4. Surfactant proteins expression

In order to evaluate the quantitative expression of human pulmonary
SP A- B—C and D, the supernatants for analysis were collected after 21
days of exposure to the solutions, and then examined using SP A-B-C and

D ELISA kits according to manufacturer protocol.

2.8.5. Cell viability
Cell viability tests were performed after 1, 7, 14 and 21 days
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Semi-dilute
unentangled regime

A) Dilute regime

Semi-dilute

Dilut, i
B) e regime unentangled regime

Fig. 2. Morphological analysis by electron microscopy. Representative SEM
images of Secre (A.a) and HA/Secre blends in dilute (A.b, A.d and A.f) and
semidilute unentangled (A.c, A.e and A.g) LMWHA, MMWHA and HMWHA
regimes. Representative TEM images of Secre (B.a) and HA/Secre blends in
diluted (B.b, B.d and B.f) and semidilute unentangled (B.c, B.e and B.g)
LMWHA, MMWHA and HMWHA solutions.

(differentiation time). hUCMSCs were seeded at a density of 6 x 10°
cells/ml embedded in COLL gels and in HA/COLL SIPNs on 96-wells
(World Precision Instruments, Inc.) and exposed for 1, 7, 14 and 21
days to MEM, secretome alone, SAGM implemented with LMWHA,
MMWHA and HMWHA, with and without secretome, respectively. The
cells were seeded in each well in triplicate and then the Alamar blue
assay (AB) was performed by adding AB reagent (10 % v/v) to the
samples and incubating at 37 °C for 5 h. The absorbance of the samples
was measured using a spectrophotometer plate reader (Multilabel
Counter, 1420 Victor, Perkin Elmer) at 570 nm and 600 nm. AB is an
indicator dye that incorporates an oxidation-reduction indicator that
changes colour in response to the chemical reduction in the growth
medium, resulting from cell viability. Cells seeded in only COLL were
used as a control. Data are expressed as the percentage difference be-
tween treated and control to evaluate the percentage of reduction
(Reduction %), which is calculated with the following formula (Eq. (3)):

International Journal of Biological Macromolecules 276 (2024) 133793

(02 x A1) — (01 X A,)

C e
Reduction (%) = (02 x P1) = (01 x Py)

% 100 3

where O1 is the molar extinction coefficient (E) of oxidized AB at 570
nm; O2 is the E of oxidized AB at 600 nm; A1 is the absorbance of test
wells at 570 nm; A2 is the absorbance of test wells at 600 nm; P1 is the
absorbance of control well at 570 nm; and P2 is the absorbance of
control well at 600 nm. The percentage of reduction for each sample was
normalized to the percentage of reduction for the control to obtain the
cell viability percentage [22].

2.9. Fluorescence recovery after photobleaching (FRAP)

FRAP was performed on Nile-red stained secretome alone and in HA/
Secre blends in semidilute regime in order to study their possible bio-
logical effects. Confocal microscope system (Leica TCS SP8) has been
used. Images were acquired with a 63x oil-immersion objective, and a
515 nm Argon laser line was used with a ~ 95 % laser excitation pulse. A
circular bleach region was selected with a diameter of ~1.5 pm. The
recovery was recorded at a rate of 1.2 s/frame, 150 frames in total. Laser
power was tuned to ensure that the final non-bleached background
fluorescence was within 15 % of the initial non-bleached background
fluorescence on average. For each sample, a minimum of three inde-
pendent FRAP experiments were performed and fluorescence intensities
were normalized. Data were fitted on Matlab© with an exponential
recovery-like-shape curve by plotting the normalized fluorescent in-
tensity value to times calculated in Eq. (4):

In(t):Iw(l—axp(—i)) (€3]

where I, represents normalized fluorescence intensities, I, is the
normalized intensity after-recovery and 71 s represents the halftime re-

covery, the time it takes for the curve to reach 50 % of the plateau
fluorescence intensity level. Then, the mobile fraction (Mf) % can be
obtained calculated by Eq. (5):

I. -1

M, =
T oI,

x 100 (O]

where I, is the normalized intensity after-recovery, I is the normalized
averaged intensity before bleaching and I; is the normalized intensity
after bleaching.

2.10. In vitro assessment of mucus penetration

Penetration of secretome EVs (Nile-red stain) and HA/Secre blends
into an in vitro model of healthy and diseased artificial mucus (HM and
DM, respectively) has been tested adapting the protocol from Wu et al.
[23]. Briefly, 1 ml of gelatin 15 % (w/v) solution was placed at the
bottom of multiple glass vials, storing at 4 °C until gelling. Then, 1.5 ml
of HM and DM on top of the gelatin layer have been pipetted for each
sample. The composition and concentrations of artificial HM and DM are
reported in Table S1. Then, 1.5 ml of Nile red-stained secretome alone
and in HA solutions, at semidilute concentration, was deposited on the
surface of the HM and DM layers and placed at 37 °C for 5 h and 24 h to
allow perfusion. Then, to ensure that samples arriving at the gelatin
layer remain in that layer, the samples were cooled to 4 °C to strengthen
the gelatin layer and the HM and DM on top were poured off, after the
gelatin was heated, softened and stirred well. To quantify mucus pene-
tration ability, the fluorescence intensity (FI) of different samples was
analyzed by a spectrofluorometer (Multilabel Counter, 1420 Victor,
PerkinElmer) at a 525-605 nm excitation wavelength. The percentage of
mucus penetration was calculated, after subtracting the gelatin fluo-
rescence, using the following Eq. (6):
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Fig. 3. Hydrodynamic size and surface charge of Secre and HA/Secre suspensions for LMWHA, MMWHA and HMWHA. Dimensional distribution of Secre and HA/
Secre blends in the diluted regime (A) and zeta potential of Secre and HA/Secre blends in the diluted regime (B).

Table 1

Average hydrodynamic radius (<Ryg>) and polydispersity index (PDI) of Exo-
somes and MVs determined by means of DLS for Secre, LMWHA/Secre,
MMWHA/Secre and HMWHA/Secre solutions.

Exosomes MVs
Sample <Ry > (nm) PDI (-) <Ry > PDI (-)
(nm)
Secre 65.4+ 1.4 0.04 £ 0.01 210+ 7 0.032 + 0.003
LMWHA/ 80 + 30 0.016 + 0.006 380 +£60  0.016 + 0.002
Secre
MMWHA/ 180 + 40 0.028 + 0.013 620 + 70 0.024 + 0.005
Secre
HMWHA/ 189 +13 0.029 + 0.006 490 + 50 0.05 + 0.02
Secre
FI HA /Secre blend
Mucus penetration (%) = ————————x 100 6)
4 (%) FI Secretome

2.11. Statistical analysis

The results were expressed as the mean + standard deviation (SD).
Data analysis was performed using Graphpad® software. The repeated
results were compared with the ordinary one-way analysis of variance
(ANOVA), and a P value <0.0001 was considered significant.

3. Results
3.1. HA solutions rheological characterization

Rheological tests were performed to characterize the regime con-
centrations of different MWs HA in solution, to have a more rational
approach to the experiment design and data interpretation in the study
of the interplay of HA/Secre blends. Previous studies have proved that
0.5 %, 0.25 %, and 0.1 %, for LMW, MMW and HMW HA, respectively,
in combination with Secre can positively support cell viability and affect
lung regeneration [17]. However, polymers in solution have different
concentration regimes depending on their MW, and this can influence
the interaction of another component in solution in terms of physical-
chemical and biological properties [24]. Flow curves were measured
on LMWHA (Fig. 1A), MMWHA (Fig. 1C) and HMWHA (Fig. 1E) at
different concentrations, showing the typical shear-thinning behaviour
of polymeric solutions for all samples. The viscosity dependence of the

shear rate was fitted with the Ellis fluid model (Eq. (1)) to obtain the
zero shear rate viscosities 7, used to calculate the specific viscosity 7,
(Eq. (2)). The plots of g, against polymer concentration for LMWHA,
MMWHA and HMWHA are reported in Fig. 1B, D, F, respectively. Three
main linear trends with different slopes were detected, representative of
a power-law dependency of 7, from HA concentrations, in agreement
with theoretical predictions. [25,26]. The three linear trends, fitted with
a straight line in the log-log plot, represent the three concentration re-
gimes: dilute, semidilute unentangled and semidilute entangled regimes
[27].

The overlap concentration (C*), at which the semidilute unentangled
regime starts, was determined by the intersection of the linear fittings of
the dilute and the semidilute unentangled regimes. In the same way, the
entanglement concentrations (C®), at which the semidilute unentangled
ends and the semidilute entangled regime starts, were determined by the
intersection of the linear fittings of the two regimes. HA solution, in the
dilute regime, can be regarded as a heterogeneous solution, assumable
to be temperature-independent [26]. In fact, inside the HA coil, the
polymer concentration is C*, while outside it is null. Therefore, HA/
Secre blends were studied with HA in a dilute regime to evaluate the
morphological and surface properties, and particularly the effect of HA
on the Secre dispersion, minimizing the chain-to-chain interaction.
Then, as regards higher polymer concentrations, the properties of HA/
Secre blends with HA in a semidilute untangled regime were investi-
gated, since in this condition the effect of biological response on lung
regeneration has been observed [17]. And this is probably due to the
ability of HA solutions in the semidilute concentration regime to act as
carriers without hindering the mobility of the vesicles [28]. Conversely,
in the semidilute entangled regime, the formation of an interpenetrated
polymer network, as shown by frequency sweep spectra (Fig. S1C), was
observed. In this state, the vesicles would be immobilized in the poly-
meric network with a caging effect around them, limiting their migra-
tion and hindering complex formation by the association of external
receptors, yielding lower release rates within the cells [29,30].

3.2. SEM and TEM microscopy

To investigate the morphology of HA/Secre blends, SEM and TEM
have been performed. SEM images of Secre, acquired as control (Fig. 2A.
a) showed spherical MVs with diameters up to 1 pm and exosomes with
diameters comprised between 50 and 200 nm in accordance with the
manufacturer product. Images in the presence of HA were acquired at
dilute and semidilute unentangled regimes for all the MWs. All the
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Fig. 4. ATR-FTIR spectra of Secretome, LMWHA and LMWHA/Secre (A); Secretome, MMWHA and MMWHA/Secre (B); Secretome, HMWHA and HMWHA/Secre (C).
The ranges of wavelength associated with the stretching of -OH and -NH (3700-3000 nm ') and with the stretching of -PO3~ and C-O-C (1265-880 nm™') are
highlighted in gray, showing the peak shift and change in intensity in HA/Secre blends.

Table 2
Peak assignment for FTIR Spectra of Secre, LMWHA, MMWHA, HMWHA, LMWHA/Secre, MMWHA/Secre, and HMWHA/Secre.
Secre LMWHA LMWHA/Secre MMWHA MMWHA/Secre HMWHA HMWHA/Secre
Stretching -OH -NH 3389 3268 3287 3287 3256 3299 3248
3276
Stretching -CH 2937 2886 2936 2890 2936 2889 2879
2888 2881 2937
Stretching -C=0 1655 1606 1606 1604 1605 1606 1607
(Amide band I)
Bending 1549 - - - 1560 - 1561
-NH (Amide band II)
Stretching -C-N 1407 1409 1408 1408 1408 1412
Bending 1456 - - 1451 - 1452
-CH,
Bending 1376 - 1377 - 1376 - 1377
-CH3
Stretching PO3~ 1261,1053 - - - 1263,1051 - 1263,1051
C-0C 1019,884 1023,890 1022,891
images show a polymer matrix, whose mesh size decreases as concen- be covered by the polymer. Conversely, in images acquired for semi-
tration and MW increase. In the dilute regime (Fig. 2A.b, d, f), it is dilute regime systems (Fig. 2A.b, d, f), micrometric spherical objects,
possible to distinguish the shapes of MVs and exosomes, which appear to MVs, are embodied in the polymer matrix, while the exosomes are less
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Fig. 5. Confocal microscopy of Secretome (A) and HA/Secre blends for
LMWHA (B), MMWHA (C) and HMWHA (D). Secretome (Exosomes and MVs)
were stained with Nile-red. Instead, HA chains were stained with Alcian Blue.

distinguishable, because they are probably incorporated in the matrix
itself. The TEM images (Fig. 2B) confirmed this trend, allowing for better
investigation of the behaviour of HA/Secre blends. In Fig. 2B b., d., f., it
is possible to appreciate how HA tends to cover single MVs and exo-
somes in a dilute regime for all the MWs. While, in the semidilute
unentangled regime (Fig. 2B c., e., g.), the presence of HA appears to
promote the formation of a polymer layer bridging different vesicles.

3.3. Dimensional distribution and zeta potential

The size distribution and surface charge of HA/secre blends and
Secre as control were analyzed by means of DLS and ¢ potential mea-
surements. Since the systems under examination intrinsically do not
have monomodal size distributions, the distribution of the hydrody-
namic radius (Ryg) was obtained using the CONTIN algorithm to analyze
the correlation data [31,32]. The Secre sample exhibited a bimodal Ry
distribution, with one population in the range 30-100 nm, due to the
presence of exosomes, and one population in the range 100-300 nm, due
to the presence of MVs [33]. In the same way, the HA/Secre samples also
exhibited a bimodal Ry distribution. A representative Ry profile for each
sample was reported in Fig. 3A, and the results of DLS analysis, in terms
of average hydrodynamic radius < Ry > and polydispersity index (PDI),
were reported in Table 1.

It is possible to observe how for all the HA/Secre samples the <Ry >
resulted higher both for exosomes and for MVs: the exosome <Ry >
raised from 65.4 nm to 80 nm for LMWHA/Secre, 180 nm for MMWHA/
Secre and 189 nm for HMWHA /Secre. In the same way, the <Ry > of the
second population associated with MVs rose from 210 nm for Secre to
320 nm for LMWHA/Secre, 620 nm for MMWHA /Secre, and 490 nm for
HMWHA/Secre. These results are probably due to the covering of EVs by
HA, as shown by microscopy images. As regards the non-linear pro-
gression of the size, it might be due to differences in packing of mac-
romolecules around the EVs because of the difference in size of HA at
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different MWs [34]. In this sense, differences in the way HA covers EVs
can be observed from the results reported in Fig. 3B, in which the &
potential of Secre (—23 mV) became more negative from LMWHA/Secre
(—28 mV) to MMWHA/Secre (—41 mV) and HMWHA/Secre (—42 mV).
These data suggest that LMWHA forms a less homogeneous shell around
Secre EVs compared to MMWHA and HMWHA.

3.4. Fourier-transformed infrared (FT-IR) analysis

The HA/Secre blends interaction has been investigated by FTIR
(Fig. 4). FTIR spectra show the single components of the LMWHA,
MMWHA, HMWHA, and the Secretome alone compared to the LMWHA/
Secre (A), MMWHA/Secre (B) and HMWHA/Secre (C) blends. The re-
sults of the peak analysis are reported in Table 2. Secretome spectra
show, in accordance with the literature [20], bands at around 1457
em ! and 1377 cm ™! related to CHy and CHj groups of alkyl chains. The
signals at 1655 cm ™! and 1549 cm ™! are the C=0 stretching and N—H
bending peaks, typical of polypeptides, that are commonly referred to as
the amide I and amide II bands, respectively, confirmed the presence of
lipid and protein [35]. The bands detected in the spectral region be-
tween 1260 and 880 cm ! are due to the stretching vibrations of the
phosphodiester groups (PO3”) of phospholipids and to the C-O-C
stretching vibrations of phospholipids, triglycerides and cholesterol es-
ters. In the HA spectra for each MW, it is possible to identify the typical
signals of the -OH and -NH stretching in the region between 3000
em~'-3700 cm™!, due to the hydroxyl and N-Acetyl groups on the
backbone of the polymer. The peaks in the region between 3000 cm ™!
and 2700 cm ™! are associated with the stretching of -CH; and —CHs,
while the peaks at 1600 cm ™! and 1412 cm ™! are associated with the
symmetric and asymmetric stretching of -COO groups. Finally, at 1030
em™! the C-O-C symmetric stretching ether bands are observed. The
comparison between the spectra of the HA/Secre blends with the single
components provided information about the interaction that occurred in
the blends. In the MMWHA/Secre and HMWHA/Secre spectra, the
characteristic signals of both components were observed, suggesting the
presence of both of them in the lyophilized powder. Furthermore, shifts
in maximum absorption wavenumber were observed for the -OH and
-NH absorption bands, which are present for both HA and Secre, and for
the signals between 1261 cm™! and 884 cm ™, that are associated with
the vibrating modes of groups in the hydrophilic moiety of the lipids of
the EVs. At the same time, no shifts were observed in the signals asso-
ciated with the hydrophobic internal moiety of the EVs. These data
suggest that, if an interaction between HA and Secre does occur, it im-
plicates the external hydrophilic heads of phospholipids. Indeed, the
shift and change in intensity involve hydrogen bond acceptor groups
(-PO3~ and C-O-C) [36], present in phospholipids, and hydrogen bond
donor groups (-OH and -NH) [37] present on the HA backbone. Thus, a
possible hypothesis of interplay could be related to the establishment of
intermolecular hydrogen bonds between the hydrophilic heads of
phospholipids and HA chains. In the case of LMWHA/Secre blends, the
presence of Secre is suggested by the maximum at 3287 cm™! (-OH
stretching band) and at 2936 cm ™! (-CH stretching peak). This is prob-
ably because the HA/Secre mass ratio, held constant as for the other
experiments, was too high to detect all the IR absorption peaks of Secre.
Indeed, in this case, the EVs are embedded in a dense polymer matrix of
LMWHA, as also suggested by the electron microscopy images.

3.5. Confocal microscopy analysis

In order to further investigate the arrangement of the HA around
Secre in the blends, the confocal microscopy technique has been used
(Fig. 5). In particular, Fig. 5A shows Secretome Nile red-stained, as well
as their wide dimensional distribution. Then, the addition of HA, stained
by means of Alcian Blue, shows a cloud of HA chains (Blue) around the
components of MVs and exosomes (Red) (Fig. 5B, C, D). More specif-
ically, the LMWHA and MMWHA would seem to group the components
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Fig. 6. Representative confocal images of immunoreactive SPC cells and CD73 stemness marker expression by immunofluorescence in a 3D biomimetic lung niche
composed of COLL or COLL/HA gels at different MWs. Images were obtained after the incubation of Secre, HA solutions and HA/Secre blends implementing SAGM at
day 0 and after 21 days of incubation. Nuclei were stained with blue DAPI. On Day 0 or Day 21 of DMEM culturing, positive expression of CD73 (red) indicates the
presence of undifferentiated stem cells. Positive expression of SPC (green) in the cytoplasm was assessed after 21 days of exposure with implemented cell-media,
indicating the qualitative expression of differentiated ATII cells compared with the untreated control (CTR DMEM). Scale bar: 10 pm for COLL at Day 0 and 50
pm for other images.
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of the secretome more tightly than the HMWHA.

3.6. Alveolar type II differentiation

In order to assess the occurrence of a bioactive cooperative effect of
HA/Secre blends that could affect lung differentiation in 3D microen-
vironments, first, the qualitative differentiation of MSCs into ATII cells
has been evaluated. The cells were stained with an SPC antibody, a
specific pulmonary differentiation marker. The representative confocal
images (Fig. 6) show the SPC antibody reactivity after 21 days in the
cells embedded in the COLL, LMWHA/COLL, MMWHA/COLL, and
HMWHA/COLL gels when incubated with the HA/Secre blends and HA
solutions compared to MSCs maintained with only DMEM as controls.
Positive expression of CD73 (red), a specific stemness marker, has been
detected at day O and after 21 days of incubation, indicating the

10

"

*p-value<0.001.

presence of undifferentiated cells only in the samples with control
DMEM. Instead, green staining, indicating SPC positive expression, can
be seen throughout the cytoplasm, with more intense staining observed
in the perinuclear region of the samples incubated with HA/Secre
blends, suggesting the presence of SPC in the Golgi/ER compartments.

Quantitative expression of SPC along with the other surfactant pro-
teins SPA, SPB and SPD was evaluated by the ELISA kit (Fig. 7). The
synthesis of SPC is a unique feature of ATII cells and is commonly used to
identify these cells from other lung parenchymal cells [38]. The SPC
expression (Fig. 7A), after the MSCs were seeded in the 3D microenvi-
ronment based on HA/COLL gels mimicking the lung niche, has proven
to be higher in the presence of the HA/Secre blends compared to the use
of only HA or Secre alone in solutions. Specifically, among the three
blends analyzed, LMWHA/Secre has been shown to have an improved
effect compared to MMWHA /Secre and HMWHA/Secre. In particular, in



F. Della Sala et al.

A) coLL
125+
— 1004} —
e
= 757 H 3
A
= 50 N
3 / No
7/ N HE
O % N R
251 7| NG IEH
4 NAH
o o NGV
Time (Days)
MMWHA/COLL
=
=
3
=
] g
8
A
]
2

Time (Days)

Hm CTR DMEM
1 SAGM

= SAGM+LMWHA vz

N SAGM+MMWHA
N SAGM+HMWHA
SAGM+secre

International Journal of Biological Macromolecules 276 (2024) 133793

LMWHA/COLL

S SSSSISATSITSIISITRNY

[ESSRRIOSENRTy

V22772777777777727 777227077272

Time (Days)
1254
3o |
1003}
H o
H A B
o i i Qlké:i é G
H NV NNAHEH G
H NU NNAEH Al
H N IANNAEH N7
s VLN E N
NA CINNAIEH N IEH
- N HRNAEH N HH
H N HNNAEH N HH
25 H N \ﬁltfl?:lt tﬁg:w
| VLN RN
=l N NNAHEH N HH
H N HRNAHH NAFH
o LY AEH N ENAED I N
1 7 14 21
Time (Days)

72 SAGM+LMWHA+secre
R SAGM+MMWHA+secre
SAGM+HMWHA+secre

Fig. 8. Effect of Secre, HA solutions and Secre/HA blends implementing cell media on cell viability performed by the Alamar blue test in a 3D biomimetic stem niche
composed of a COLL or COLL/HAgels. Viability percentage was reported as a function of time at 1, 7, 14 and 21 days of cell culture during the differentiation test. For
each evaluated day of culture, all samples’ viability is referred to as CTR DMEM as control on that specific day.

the HA/COLL 3D matrices, for the LMWHA/Secre blends, the SPC
expression increases as the HA MWs in the matrices decrease, with
values of around 19 ng ml~! (LMWHA/COLL), of about 14 ng ml!
(MMWHA/COLL) and of around 8 ng ml~! (HMWHA/COLL). In any
case, the values of LMWHA/Secre are always greater than the sum of the
SPC expressions in presence of HA and Secre components alone in so-
lution, indicating a bioactive cooperative effect of this biomaterial. The
other blends showed a similar trend as the MWs varied but with lower
values, with the exception of the HMWHA/COLL matrix, in which the
LMWHA/Secre and MMWHA/Secre blends had comparable values.
Furthermore, the exposure of HA/Secre blends in all HA/COLL gels
mimicking 3D microenvironments showed SPC expression much higher
compared to the 2D systems, as in our previous work, in which LMWHA
and MMWHA plus secretome solution reached values of about 5 ng
ml~L. These results point out the importance of using 3D microenvi-
ronments that better resemble the complexity of in vivo conditions. The
expression of the other surfactant proteins A, B and D (Fig. B, C, D) was
found in the presence of the HA/Secre blends, further demonstrating
pulmonary differentiation. These different amounts of expression could
be explained by the diverse function of the SP, which is modulated ac-
cording to cellular needs. The SPC is a specific lung marker with
important functions that lead to a reduction in alveolar surface tension
during respiration. SPB includes the structural transformation of the
lamellar body to tubular myelin in the presence of Ca®*, enhancing the
reuptake of surfactant by endocytosis by ATII cells, and activating
alveolar macrophages to facilitate surfactant clearance. Both SPA and
SPD possess antimicrobial properties. SPA is chemotactic for macro-
phages and promotes bacterial phagocytosis [39]. These results
demonstrate that the HA/Secre blends have an important effect on
pulmonary differentiation compared to the use of HA or Secre alone in
3D microenvironments. Although the mechanism of interaction is un-
known until now, what can be hypothesized is that HA interacts with the
phospholipid bilayer of EVs like a coating, as happens for glycocalyx in

11

nature. In fact, the glycocalyx, also known as the pericellular matrix, is a
highly hydrated network of carbohydrates that protrudes and covers the
membrane of various cells, epithelial and endothelial, and of many
bacteria. The glycocalyx has been proposed to serve several important
functions, including a critical role in cellular adhesion, signaling, and
communication within the biological environment [40]. It can therefore
be supposed that the HA layer interacting with the EVs can determine a
consequent synergistic effect on lung differentiation, triggered by the
presence of both components in solution. Moreover, we speculated that
the interplay between HA and EVs in the blends can exert an improve-
ment in biological functions as their physical-chemical interaction in
solutions can increase the trafficking of the EVs by increasing the overall
interaction of the EVs with the cell embedded in the 3D microenviron-
ments. HA could act as a linker between EVs and cells in the 3D matrix,
thus increasing adhesion and internalization into the target cell,
increasing the overall biological potency of EVs. This could be in part
explained since the hUCMSCs are known to express the CD44 receptor
[41,42], and HA possesses a selective tropism for this receptor [43].
Furthermore, in light of this hypothesis, the interplay of the two com-
ponents in solution can influence their biological functions depending
on different HA MW. Indeed, it is known that a single HA chain contains
multiple CD44 binding sites; thus, to interact with several CD44 re-
ceptors simultaneously on the cell membrane, the HA chain has to un-
dergo conformational changes [44]. Thus, the possible HA
conformations on the cell surface depend on the length and flexibility of
its chain. High MW HA can assume several arrangements as large coils,
resulting in a lower probability of sustaining stable bonds with CD44
receptor clusters on the cell surface [45]. In accordance with our data,
the differentiation ability decreases when HA MW in solution increases,
overall decreasing the bridging effect between EVs and cell membranes.
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Fig. 9. Fluorescence recovery after photobleaching (FRAP) analysis on Secre (A) and HA/Secre blends for LMWHA (B), MMWHA (C) and HMWHA (D). Repre-
sentative plots of normalized fluorescence intensity during and after photo-bleaching, the dots represent the original data, the continuous line represents data fitting
after photo-bleaching, and the short dashed line represents the data fitting before photo-bleaching. Effect of different MW HA chains on the mobile fraction of the

MVs (E).
3.7. Cell viability

The cell viability test has been performed during the differentiation
time, until 21 days of culture in 3D systems mimicking the physiological
environments. As observed in Fig. 8, a viability percentage of around
100 % has been found in all 3D gels in the presence of the HA/Secre
blends. After 14 and 21 days of cell culture, the cell viability was about
70 % and 60 %, respectively, indicating that the differentiation stimuli
occurred. Indeed, the development of the differentiation signals in the
cells inhibits cellular proliferation in favour of a state of quiescence [46].
However, the viabilities of cells incubated with HA/Secre blends are
always higher than in the presence of HA solutions alone, suggesting
that the bioactive combination of HA/Secre together can amplify
viability even in more complex systems, such as 3D gels.
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3.8. Fluorescence recovery after photobleaching (FRAP)

FRAP analysis has been used to assess the interplay of HA chains at
different MWs and MVs (Fig. 9.). EVs, Nile-red stained in this case, are
produced by the cells themselves, and it is known that they have a
phospholipid bilayer with components similar to those of cell mem-
branes. The plasma membrane is known to behave as a fluid mosaic in
which the components are mobile and capable of establishing transient
or semi-permanent interactions [47]. Representative plots of the sam-
ples’ fluorescence recovery have been reported in Fig. 9A, B, C and D.
The normalized fluorescence intensities, both before and after photo-
bleaching, appear to be narrowly distributed, and the mobile fractions
My of MVs can be highlighted after performing data fitting. Indeed, it can
be seen in Fig. 9B, C and D that the HA shows a decreasing effect on the
M of MVs, reducing the secretome My from 82 % to lower values when
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Fig. 10. In vitro assessment of mucus penetration. Schematic representation of the experiment (A). Outcome of the mucus penetration assay after 5 and 24 h on HM
and DM. Data were obtained by normalization of fluorescence emission spectroscopy on Nile-red stained MVs compared to Secre control for HM and DM.

HA MWs increase. As a matter of fact, the interaction with LMWHA
(Fig. 9B) brings a value of M equal to 78 %, decreasing to 57 % and 35 %
for MMWHA (Fig. 9C) and HMWHA (Fig. 9D) respectively, as shown by
the histogram in Fig. 9E. Thus, the FRAP analysis corroborated the
general hypothesis of an interaction between the polysaccharide chains
and the EVs. The fluidity of the cell membrane is essential for its func-
tioning; a membrane too rigid would not allow mobility, and a mem-
brane that is too fluid would lack mechanical support, and the
components could not be oriented [48]. Data suggest that with
increasing HA MWs, My % of the MVs decreased. These data are in
accordance with the trend of the biological differentiation data, in which
the differentiation power decreases as the MWs HA increases. The HA
chains on EVs could act similarly to glycocalyx in transmitting physical
forces to the cytoskeleton of cells to improve their fusion ability with the
cell membranes. The presence of HMWHA leads to an increase in the
immobile fraction percentage; on the contrary, in the presence of
LMWHA and MMWHA the mobile fraction percentage appears to be
higher. These findings could influence the interaction of EVs on the cell
surface. Purportedly, the HMWHA in the blend can inhibit the exposure
of EV functional groups, influencing the interaction with the cell surface.
Indeed, by its nature, HMW species may form more intramolecular in-
teractions arranging themselves in random coils with inaccessible po-
tential interaction sites on the cell surface [49]. While LMWHA and
MMWHA, forming more intermolecular interactions, have a more open
conformation that exposes the carboxylate units to the phospholipids,
allowing the CD44 binding [50].

3.9. In vitro assessment of mucus penetration

The ability of HA/Secre blends to cross the mucus layer is critical to
achieve efficient delivery in the lungs. In order to perform a preliminary
study on the effect of HA/Secre blends on mucus penetration, fluores-
cent Secre and HA/Secre blends were placed on a thick layer of HM and
DM on a gelatine substrate (Fig. 10A). In Fig. 10B the quantitative
evaluation of the mucus penetration by Secre alone as a control and HA/
Secre in different blends is reported. In particular, after 5 h of incuba-
tion, the LMWHA/Secre penetrated the HM layer slightly less than the
Secre control. Instead, MMWHA/Secre and HMWHA/Secre showed a
significant penetration compared to Secre (p < 0.05) and a very sig-
nificant (p < 0.01) effect compared to the LMWHA/Secre blend. Even
though a slight level of significance is preserved with MMWHA/Secre,
after 24 h of incubation, the trend is inverted since Secre penetrates the
HM layer significantly more than HA/Secre blends. The DM, instead,
shows some apparently counterintuitive results, since after 5 h of in-
cubation, Secre control depicts a highly significant (p < 0.0001) pene-
tration when compared to HA/Secre blends. This trend is totally
inverted after 24 h incubation, since LMWHA/Secre shows the best ef-
fect on DM penetration, with the highest significance (p < 0.0001) when
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compared to Secre control and HMWHA/Secre blend. Still, a slight
significance (p < 0.05) is visible comparing the penetration of LMWHA/
Secre and MMWHA/Secre, suggesting the first as the best blend to
penetrate DM. This could be explained by the establishment of repulsive
forces as a consequence of the formation of polyanionic domains of HA
and mucin chains, leading to a reduction of mucin adsorption and an
enhancement of permeability [51].

4. Conclusions

Previous studies showed the biological action of the HA/Secre blends
in promoting lung regeneration in 2D cell culture systems, far removed
from the real physiology of tissues, without focusing on the interplay of
the two components in the blends. In this study, we successfully inves-
tigated the effect of physicochemical properties of HA/Secre blends with
different MWs HA (L, M and H) by means of SEM/TEM, DLS, FTIR and
FRAP analysis. Morphological characterization and the physical-
chemical analyses have shown an interplay between the HA and the
EVs of the secretome. In particular, these results suggest that the HA MW
exerts an important influence on the physical-chemical properties of the
HA/Secre blends, since the HA chains would seem to cover the EV
population depending on the increase of their MW. Furthermore, our
findings demonstrated for the first time that HA/Secre blends are able to
induce pulmonary differentiation of MSCs and to support cellular
viability in 3D matrices mimicking the lung microenvironments that
better resemble in vivo conditions. The differentiation power of the HA/
Secre blends increases as the HA MWs decrease, and this trend is in
agreement with the mobility percentage data of EVs in solution with the
different HA MWs. This may suggest that highly hydrated carbohy-
drates, such as HA, that protrude and coat the membranes of EVs may
influence the transmission of other physical forces that act on the
cytoskeleton of cells, influencing their biological function. Especially in
3D systems, where the forces of the matrix in which the cells are
embedded also act. Finally, the ability of HA/Secre blends to cross the
mucus layer, essential to achieve efficient delivery in the lungs, has been
assessed. In accordance with the trend of differentiation study, it was
found to be higher after 24 h in a diseased mucus model for the
LMWHA/Secre blends, indicating also in this case that, despite their
interplay, other repulsive forces in the 3D mucus matrix affect the
behaviour of the blends. In this direction, further studies are required in
order to elucidate the specific type of interaction, e.g., purely electro-
static or receptor-mediated, that occurs between the two components in
the blends. Furthermore, a study aimed at understanding the uptake of
EVs in target cells would be useful in order to delve deeper into the
importance of the use of HA/Secre blends both in 2D and 3D culture
systems. These findings can expand knowledge and allow the optimi-
zation of the rational design of future devices, including HA and secre-
tome useful in lung regeneration fields.
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